Quantum teleportation with nonclassical correlation is studied in noninertial frame. It is shown that a separable but a nonclassically correlated state gives nonzero fidelity for teleportation. In noninertial frames two fidelities of teleportation are given and it is discussed that from a practical point of view the minimum fidelity should be evaluated since the state to be teleported is generally an unknown quantum state.
Introduction
Quantum teleportation is one of the important and the most visited quantum protocols because of its several theoretical features and interesting applications. Quantum teleportation is the reliable transfer of quantum states by using a shared quantum channel, in addition to a classical communication channel. Quantum teleportation initially proposed by Bennett et. al. [1] has been regarded as propagation of quantum information between quantum computers. However, besides the conventional description, quantum teleportation has been extended so that it controllably transfers quantum gates over computational spots. This extension leads to measurement based quantum computation [2] . Thus, quantum teleportation is playing a significant role for transmission of quantum information also for designing a quantum computation, besides its extra applications for fabrication of a fault tolerant quantum computer.
The original teleportation assumes Alice and Bob are sharing a perfect bipartite entangled pair of particles. An unknown state is supposed to be teleported from Alice to Bob. Alice measures the unknown state and the part of the shared entanglement in her disposal, in Bell basis and sends off the outcome of the measurement in the form of two bits of classical information to Bob. Consequently, Bob, upon receiving the classical information, applies appropriate unitary operations thus perfectly extracts the desired teleported quantum information by transforming the part of entanglement in his hand.
Quantum teleportation, since its original proposal, has been relying on the concept of quantum entanglement. Quantum entanglement, that has been initially appeared as a source of paradoxical feature of quantum mechanics [3] , since nearly last two decades turned back to the center of interest for researchers (for a review on quantum entanglement, see [4] ). This has been due to a general believe on the pre-requisite role of entanglement for achieving the experimental speed-up from quantum computation over classical counterparts [5] . Also, entanglement continually has been represented as the main resource for quantum information protocols, such as superdense coding [6] and quantum teleportation.
However, in the lack of a mathematical proof for the distinct and unique role of entanglement for quantum information processing and quantum computation, in general, existence of any sort of correlation other than the purely classical one has been candidated for the expected super power source for quantum possessors [7] . Namely, a high volume of researches has been devoted to study nonclassical correlations specially after the original work by Ollivier and Zurek [8] in which a separable state has been presented to expose quantum correlation so being of possible use for quantum protocols [9] .
According to Oppenheim-Horodecki paradigm [10] , a nonclassically correlated state is a state that cannot be represented in the form of a properly classically correlated state with the following definition
where, d A and d B are the dimensions of the Hilbert spaces of A and B, respectively, and e ij is the eigenvalue of ρ pcc corresponding to an eigenvector |v i A ⊗ |v j B . As one of the most studied measures for evaluating nonclassical correlation [11] , quantum discord [8] , D, for a bipartite quantum system, AB, is defined as the discrepancy between the quantum mutual information and the locally accessible mutual information, i.e.
Here, I is the quantum mutual information and for AB with the density operator ρ is defined as
where, ρ A and ρ B are the density operators of A and B, respectively. S(ρ) = −Tr(ρ log 2 ρ) is the von Neumann entropy. C is the classical correlation and is given by
Here, {Π k }'s are von Neumann operators acting on subsystem B and corresponding to the outcome k.
For entanglement of states Negativity [12] is used that is defined as
where, λ i (ρ pt ) denotes the eigenvalues of the partial transpose, ρ pt , of ρ.
Quantum teleportation by using not completely entangled channel has been studied, e.g. [13] . Also, it has been shown that a separable state which involves nonclassical correlation can be used for quantum teleportation [14] . Here, in this work we extend the study on quantum teleportation using a general nonclassical correlated channel to noninertial frames [15, 16] . Extension of quantum teleportation to noninertial frames has been studied before in a different approach. In addition , the previously studied process should be regarded as an observation of quantum teleportation in noninertial frame since the steps of teleportation are not accordingly changed but the final result is reviewed by an observable in noninertial frame.
It has been a popular trend to extend quantum information processing to noninertial frames [15, 16, 17, 18, 19] . Suppose that Alice, A, is resting and Rob, R is the uniformly accelerating Bob. The corresponding Minkowski spinor basis states [20] are as follows
Here, the subscripts I and II represent Rindler region I and II Fock states, respectively. Quantum teleportation has been demonstrated in varieties of physical systems [21] , including NMR [22] . In NMR [23] and other similar bulk ensemble quantum computation such as electron nuclear double resonance (ENDOR) [24] , once an entangled state, e.g.
(|00 + |11 ) is supposed to be generated, in practice, a pseudo-entanglement of the following form is provided
ρ is entangled if and only if p > 1/3. Generally, experimental conditions bring down the state to a region where entanglement is absent and the workable state is just a nonclassical correlated state. Therefore, from a practical point of view it is interesting to study quantum experiments e.g. quantum teleportation with nonclassically correlated states, and for the sake of completeness generalize the study to noninertial frames. 
Then, by measuring in Z-basis, the state changes to the joint state |ij = |i |j (i, j = {0, 1}). The total state is then |ij |φ ij with probability of
Alice sends the results of the measurement (i and j) to Bob using a classical information channel. Bob retrieves the state, supposed to be teleported, by performing the quantum gate (X j Z i ) −1 = Z i X j on the particle in his possession. The result is given by |ψ = Z i X j |φ ij = |ψ , and the corresponding teleportation fidelity is
With a uniformly accelerating partner, the above conventional teleportation procedure would be slightly different. This problem has been cited by Alsing et. al. [15, 16] . Indeed they assume Alice being a kind of supervisor for the above explained procedure but from a different approach. Though, this is slightly different than the original defined playing role for Alice. In other words, they suppose Alice can find the state |φ ij , in addition with the values of i and j, in inertial frame, then Bob starts studying these results in a noninertial frame. Thus, Bob rewrites the state |φ ij in Rindler frame by using Eqs. (6-7) to find the Rob and anti-Rob states, i.e., |φ ij I,II . By tracing out the anti-Rob, II, modes, he finds the Rob density matrix, ρ ij I . Finally, by applying the operator Z i X j on this density matrix, he findsρ
It is clear from the above notation that the sateρ ij I depends on Alice's measurement results, i and j, generally. This fact comes from the non-symmetric property of transformations, Eqs. (6-7), for |0 and |1 . Alsing et. al., have used the symmetric dual-rail basis states 1 to make the resultρ ij I independent of the values i and j [15, 16] . Then the indexes are omitted and the teleported state is written asρ ij I =ρ I . The fidelity of teleportation is given by F = ψ|ρ I |ψ = cos 2 r for fermionic case [15] . However, the procedure explained here is in fact "observation of teleported state |φ ij in noninertial frame, in symmetric dual-rail basis states", rather than the conventional teleportation in noninertial frame.
To study quantum teleportation in noninertial frame, we should suppose that the Bob's particle is accelerated in all the steps throughout the teleportation protocol. Then, the maximally entangled state |Φ + should be replaced by its equivalent state in noninertial frame, ρ + A,I , in original teleportation protocol. Also, we do not restrict ourselves to the case of dual-rail basis states and prefer to have the procedure completed by using the usual single (non-symmetric) basis. The details of this procedure are presented in next section.
Teleportation with nonclassical correlated states in noninertial frames
Recall that Alice wants to teleport the state |ψ = α|0 + β|1 to Bob, by using the shared state ρ = 1−p 4
The total initial state is given by ̺ in = |ψ ψ| ⊗ ρ, where the first two qubits of ̺ in are the Alice's ones and the third one is the Bob's qubit. Substituting p = 1 will give the special case of teleportation with maximally entangled state |Φ + .
If Rob, the uniformly accelerated Bob, starts to degrade with constant acceleration a, the bipartite pseudo-entangled state, ρ, transforms to a tripartite state ρ A,I,II , using Eqs. (6-7). Tracing out over the anti-Rob modes results the Alice-Rob density matrix, ρ A,I = Tr II (ρ A,I,II ) as follows [17] ρ A,I = 1 4
We have used the basis |0 A |0 I , |0 A |1 I , |1 A |0 I , and |1 A |1 I to write the above matrix. Therefore, we should use ̺ A,I = |ψ ψ| ⊗ ρ A,I instead of the initial state ̺ in , for teleportation with uniformly accelerated partner, Rob. Alice starts the teleportation procedure by performing CNot and Hadamard gates on the particles in her possession, then the initial state will transform to the state ̺ 
Alice sends the results of the measurement (i and j) to Rob by using a classical information channel. Consequently, Rob extracts information by performing the quantum gate (
where ρ 00 I , is given by Eq. (10). Substituting r = 0, the quantum teleportation is turning back to the one in inertial frame using pseudo-entanglement. The result is independent of the result of the Alice's measurement, i and j, as it should be expected. It is the generalization of the conventional quantum teleportation with maximally entangled state in inertial frame. For p = 1, we have quantum teleportation with maximally entangled state in noninertial frame. This case has been studied in Refs. [15, 16] , however they found different results because of using the symmetric dual-rail basis states instead of using the general non-symmetric basis states.
Accordingly, the fidelities, F ij = ψ|ρ ij I |ψ , are evaluated as
It is a direct result from the above calculation to have nonsymmetric fidelities. Therefore, one conjectures that the true acceptable fidelity of teleportation would be the minimum of the two values since in reality Alice will not know the result of the measurement as the quantum state. Thus, hereafter we get the minimum fidelity as the one practically representing the fidelity of teleportation in noninertial frames. The fidelity of teleportation is shown in Fig. 1 as function of r and |α| 2 .
Also, for a conventional quantum teleportation with maximally entanglement but in a noninertial frame, the results are shown in Fig. 2 . Quantum teleportation in an inertial frame, r = 0, and with nonclassical correlation is represented in Fig. 3 in addition to a general teleportation with nonclassical correlation and in a noninertial frame, for a special value r = π/4. In inertial frame, the above result simplifies as F = F ij = 1 2
(1 + p), which means that the teleportation is a linear increasing function of p. It should be mentioned that for the separable states (0 ≤ p ≤ 1/3) we can still get the state teleported with some fidelity F ≥ 1/2, which means that quantum teleportation works even without entanglement and only because of the nonclassical correlation witnessed by non-zero discord. This fact is illustrated in Fig. 4 . 
Discussions and conclusion
Quantum teleportation in its original proposed form has been relying on the shared perfect entanglement among involved parties in the protocol. However, the story has been revisited extensively by other groups for different imposed conditions. A separable but a nonclassically correlated state has been employed and correspondingly the resultant fidelity of teleportation is shown to be still non-zero. Also, a modified version of the protocol has been studied in noninertial frames.
In this work, we studied quantum teleportation, in its original and nonmodified form, in noninertial frame using nonclassical correlation. Fidelity of teleportation, discord, and negativity are evaluated as functions of acceleration and the nonclassicality of the state. It is shown that nonclassical correlation is sufficient for extracting nonzero fidelity of teleportation. However, the achieved nonzero fidelity does not necessarily mean a better approach for teleporting quantum information. This issue should be revisited more in accordance to classical information communication.
In noninertial frame, nonsymmetric fidelities are evaluated for different Minkowski modes. Based on the result of the measurement by Alice, the fidelity should be chosen. However, we discuss that as far as Alice basically does not know the quantum state to be teleported so the overall fidelity of teleportation should be regarded as the minimum value out of them. The relating fidelity of teleportation, discord and negativity for separable state, p = 1/3, in noninertial frame, as function of r.
